Background: Population growth, increasing food demands, and economic efficiency have been major driving forces behind farming intensification over recent decades. However, biological emissions (bioaerosols) from intensified livestock farming may have the potential to impact human health. Bioaerosols from intensive livestock farming have been reported to cause symptoms and/or illnesses in occupational-settings and there is concern about the potential health effects on people who live near the intensive farms. As well as adverse health effects, some potential beneficial effects have been attributed to farm exposures in early life. The aim of the study was to undertake a systematic review to evaluate potential for adverse health outcomes in populations living near intensive livestock farms. Material and methods: Two electronic databases (PubMed and Scopus) and bibliographies were searched for studies reporting associations between health outcomes and bioaerosol emissions related to intensive farming published between January 1960 and April 2017, including both occupational and community studies. Two authors independently assessed studies for inclusion and extracted data. Risk of bias was assessed using a customized score. Results: 38 health studies met the inclusion criteria (21 occupational and 1 community study measured bioaerosol concentrations, 16 community studies using a proxy measure for exposure). The majority of occupational studies found a negative impact on respiratory health outcomes and increases in inflammatory biomarkers among farm workers exposed to bioaerosols. Studies investigating the health of communities living near intensive farms had mixed findings. All four studies of asthma in children found increased reported asthma prevalence among children living or attending schools near an intensive farm. Papers principally investigated respiratory and immune system outcomes. Conclusions: The review indicated a potential impact of intensive farming on childhood respiratory health, based on a small number of studies using self-reported outcomes, but supported by findings from occupational studies. Further research is needed to measure and monitor exposure in community settings and relate this to objectively measured health outcomes.
A B S T R A C T
Background: Population growth, increasing food demands, and economic efficiency have been major driving forces behind farming intensification over recent decades. However, biological emissions (bioaerosols) from intensified livestock farming may have the potential to impact human health. Bioaerosols from intensive livestock farming have been reported to cause symptoms and/or illnesses in occupational-settings and there is concern about the potential health effects on people who live near the intensive farms. As well as adverse health effects, some potential beneficial effects have been attributed to farm exposures in early life. The aim of the study was to undertake a systematic review to evaluate potential for adverse health outcomes in populations living near intensive livestock farms. Material and methods: Two electronic databases (PubMed and Scopus) and bibliographies were searched for studies reporting associations between health outcomes and bioaerosol emissions related to intensive farming published between January 1960 and April 2017, including both occupational and community studies. Two authors independently assessed studies for inclusion and extracted data. Risk of bias was assessed using a customized score. Results: 38 health studies met the inclusion criteria (21 occupational and 1 community study measured bioaerosol concentrations, 16 community studies using a proxy measure for exposure). The majority of occupational studies found a negative impact on respiratory health outcomes and increases in inflammatory biomarkers among farm workers exposed to bioaerosols. Studies investigating the health of communities living near intensive farms had mixed findings. All four studies of asthma in children found increased reported asthma prevalence among children living or attending schools near an intensive farm. Papers principally investigated respiratory and immune system outcomes. Conclusions: The review indicated a potential impact of intensive farming on childhood respiratory health, based on a small number of studies using self-reported outcomes, but supported by findings from occupational studies. Further research is needed to measure and monitor exposure in community settings and relate this to objectively measured health outcomes.
Introduction
The current world population of 7.5 billion (2017) is set to rise to almost 10 billion by 2056. An increase in the population means more food is required and thus a growing demand for livestock products. In 2010 the Food and Agriculture Organisation of the United Nations estimated that food production will need to increase by 70% by 2050 to cope with population growth (FAO, 2009) . With efforts to meet the food demand of an increasing population there has been widespread adoption of more intensive (achieving higher total output per unit of land) farming (or agricultural) practices. These farms hold large numbers of animals (primarily pigs or poultry), often indoors, typically at high densities. Animal farming contributes to air pollution in many ways, emitting odours, gases (ammonia, hydrogen sulfide), particulates, including dust and airborne biological components (bioaerosols), and a complex mixture of volatile organic compounds. Emissions from farms have been linked with a broad range of adverse health effects, including respiratory disorders and gastrointestinal (GI) problems in farm workers (Iversen et al., 2000; Schiffman 1998) , and more recently negative health effects have been documented for residents living nearby intensive farms (O'Connor et al., 2010; O'Connor et al., 2017) . Livestock exposure has also been associated with zoonotic infectious diseases (such as Q fever) (Dijkstra et al., 2012; Gyuranecz et al., 2014; Halsby et al., 2017) . Symptoms of Q fever in humans range from mild to severe and is caused by Coxiella Burnetii, a bacterium mostly commonly found in cattle, sheep and goats (Raoult et al., 2005) . In keeping with the hygiene hypothesis (see Section 1.3 below) some studies have shown a protective effect of farming exposure against, for example the development of atopic outcomes (Douwes et al., 2003) . The ongoing intensification of livestock production, together with recent cases of Q fever reported in the UK (Halsby et al., 2017) and in the Netherlands (Dijkstra et al., 2012) has urged policy-makers and planners to better understand the dispersion and health impacts of the air emissions to the surrounding area. For policy makers to make better, more informed decisions about how to regulate air emissions there is a need to identify the causative agent(s). Dust emitted as a result of farming practices is primarily organic (of a biological nature), and therefore contains bioaerosols (Dungan 2010) . Workplace exposures to bioaerosols in other industries (e.g. waste recycling, composting, cotton processing) have been linked to adverse, mainly respiratory, health effects (Douwes et al., 2000; Douwes et al., 2003; Poulsen et al., 1995) . A recent systematic review also reported qualitative evidence linking bioaerosol emissions from composting facilities to poor respiratory health in nearby residents (Pearson et al., 2015) . Some studies show the presence of bioaerosols at some distance downwind from their source (Fischer et al., 2008; Hryhorczuk et al., 2001) . In order to establish and implement appropriate strategies and effective measures to mitigate risk, it is essential that regulatory authorities have access to the most up-todate and accurate information, and key gaps in knowledge are highlighted to corroborate future research.
Regulation of intensive farming
There is no uniform international definition of what constitutes an intensive farm and regulation of such facilities varies between countries. European Union member states intensive farming activities are regulated under the Industrial Emissions Directive (IED) 2010/75/EU (European Union, 2010) . Under the IED an intensive farm is defined as rearing poultry or pigs in an installation with more than 40,000 places for poultry or 2000 places for production pigs over 30 kg or 750 places for sows, and will require a permit to operate. To prevent, reduce or otherwise manage environmental and health impacts, pig and poultry farms within the European Union are required to use appropriate operational practices known as the Best Available Techniques (BAT), as described in the Reference Document (BREF) (Santonja et al., 2017) . While this does set out requirements for meeting dust emission limits that will help to reduce bioaerosol emissions, there are no specific regulatory limits for bioaerosol emissions. Bioaerosol concentrations and emissions are influenced by a number of factors including: design of animal housing and manure collection system; ventilation; temperature; type of feed; feeding and watering techniques; quality of feed raw materials; use of bedding; cleaning of houses to remove dust deposits; and production method, which are addressed in the BREF (Santonja et al., 2017) .
European Union member states implement their own local regulations to ensure compliance with the IED. For example, in England permitting arrangements require operators to undertake a site specific bioaerosol risk assessment if an intensive farming operation is within 100 m of a sensitive human receptor (e.g. a residential house or place of work) (Defra, 2016) . The Netherlands considered producing a healthbased quantitative risk assessment framework for intensive farms and recommended an exposure limit for the general population of 30 endotoxin units (EU) per cubic metre (EU m −3 ), based on applying a safety factor of three to the occupational limit of 90 EU m −3
(Netherlands HCot, 2012). However, it was concluded that, to date, there was insufficient evidence available to set health based regulatory distances between farms and residential areas. At present in the UK, most farmers do not normally monitor and control emissions to air unless specifically required to do so as a result of local complaints (Commission, 2015) .
Bioaerosol exposure
Bioaerosols consist of viable or non-viable airborne microorganisms, their constituent parts and by-products (Douwes et al., 2003) . They are ubiquitous in the environment (indoor and outdoor) and can originate from a range of sources, both natural and anthropogenic. In animal houses, major sources of bioaerosols are animals, animal wastes, feed and bedding material (AirQuality, 2012) . The continuing increasing trend in farming intensification is therefore likely to increase bioaerosol concentrations and diversity. Bioaerosols can stay suspended in the air for prolonged periods and potentially travel long distances from their source (Nygard et al., 2008) , and as a result may pose health effects to nearby communities with elevated exposures.
Health effects of bioaerosols
Human exposure to bioaerosols has been associated with a range of acute and chronic adverse health effects and diseases. The most commonly reported are respiratory system problems (e.g. rhinitis, asthma, bronchitis and sinusitis), through both atopic and non-atopic allergic mechanisms as well as non-allergic pathways (Douwes et al., 2003) . Other health problems reported include GI distress, fatigue, weakness and headache (Douwes et al., 2003) . Bioaerosol exposure occurs primarily through inhalation, although ingestion also contributes. A number of studies, focussing mainly on small-scale family farming, have linked bioaerosol emissions to the potentially fatal disease, Farmer's Lung -the prototype of hypersensitivity pneumonitis (HP; also known as extrinsic allergic alveolitis) (Eduard et al., 2012) . However, major stumbling blocks in the study of potential health consequences of exposure to bioaerosols in the agricultural setting have been a lack of information on exposure and difficulties in disentangling the effects of bioaerosol emissions from those of other emissions.
A further need to understand better the composition of bioaerosols is indicated by a consideration of particle size. Bioaerosol particles in air can be suspended in air as single cells or spores or as aggregates. Asthma is a disease of the upper airways. Particles ranging from about 4 μm to 10 μm tend to deposit in the upper airways. Many bioaerosol particles, such as fungal spores and pollen, fall within this size range, although others (e.g. bioaerosol aggregates, spore chains) may be larger and as a result likely remain within the nasal cavity.
Overall these challenges and the consequent lack of valid exposure, dose and response data has prevented the establishment of limit values for bioaerosol emissions from farming operations. While there tends to be a bias towards the presumption of health risks from bioaerosols, the converse -beneficial health effects -may also occur. The hygiene hypothesis, (Stiemsma et al., 2015; Strachan, 1989) a somewhat misleading term (Bloomfield et al., 2016) , states that exposure to microbial agents -including those resulting from intensive farming practices -during early life to be beneficial to later health. There is some limited evidence to suggest prevalence of wheeze and asthma was lower among children living in close proximity of an intensive farm (Mirabelli et al., 2006) .
A systematic review of potential health effects associated with living in close proximity to an intensive farm (O'Connor et al., 2010) which was recently updated (O'Connor et al., 2017) had inconclusive findings. However, proximity measures are an indirect measure of exposure and it is difficult to determine the potential contribution of bioaerosol emissions on the health of residents near intensive farms. It can also be difficult to disentangle the impact of exposure on health from that of other factors, such as socio-economic status. The aim of this systematic review was to evaluate potential health effects associated with bioaerosol emissions from intensive farming, and provide an unbiased, up-todate understanding of the bioaerosol risk to residents living near these farms. We included occupational studies to investigate the type of health effects reported in those most highly exposed to bioaerosols, to inform our interpretation of community studies. Our focus was on bioaerosols, so we excluded studies solely related to zoonotic infectious disease e.g. Q fever or gaseous air pollutants e.g. ammonia.
Material and methods
A systematic review was conducted, according to Meta-Analyses and Systematic Reviews of Observational Studies (MOOSE) guidelines (Stroup et al., 2000) .
Search strategy
A literature search was conducted across two electronic databases (PubMed and Scopus). Grey literature was identified using internetwide search engines (Google and Google Scholar). The search string (provided in Appendix A) was reviewed by a project steering group and experts in the field and was used to search within the title and abstract fields of the electronic databases. The search string also included terms associated with waste operations (composting, landfill, etc.) to identify any studies which may have involved a combination of both intensive farming and waste disposal sites. Other papers were identified from prior knowledge, contact with experts in the field and hand searching of the bibliographies of the papers identified from the electronic search. References were downloaded into the referencing software program Endnote (version X8).
Study selection
After excluding duplicates, the selection of studies from the electronic databases was conducted in two stages; first by titles and abstracts and then by full text. All titles and abstracts were reviewed independently by two reviewers (SR, PD); any discrepancies were resolved by an additional reviewer. Full-text copies of potentially eligible papers were then retrieved and similarly screened for inclusion (SR, PD) . To be included in the final analysis, studies had to meet the following inclusion criteria:
• Peer-reviewed articles or published by a recognised institution between January 1960 and April 2017
• Design: Epidemiological studies -experimental and observational • Type of facility: animal (poultry, pig*) feeding operations (if it was not clear from the description in the paper whether it was an intensive farm, the paper was included)
• Exposure: measured concentrations of bioaerosol components • Health outcome: respiratory, lung function indices, cardiovascular effects, GI effects
• Population: Workers, residents • Data analysis: the analysis techniques have been reported • Language: English and non-English languages * Papers referring to swine and hog were also identified. Papers did not distinguish between pig, swine and hog. The word "pig" will be used throughout the remainder of the paper.
Studies were excluded from further review if:
• They did not contain original data (e.g. review papers, editorials and commentaries were excluded). However, reference lists from the identified original articles and reviews were screened to identify any other potential relevant studies.
• Design: Animal (in vivo) and in vitro studies • Exposure: odour, ammonia • Health outcome: Papers only dealing with mental health (e.g. depression, anxiety, distress), zoonotic infectious diseases** (e.g. Q fever) and/or unspecified physical/mental health (e.g. feeling unwell)
• The article did not have an abstract or the full text of the article is not available
• They did not have both an exposure and health outcome measure **But included papers related to respiratory infections that also include mention of Q fever.
Data extraction
A standardised checklist was used to extract data from studies that met the inclusion criteria. Data collected were: study design, study setting, study population, exposure assessment, outcome assessment, bioaerosols/pollutants measured. The data extraction was conducted independently by authors (SR, PD).
Bias assessment
We considered using the Grades of Recommendation, Assessment, Development and Evaluation (GRADE) framework for rating the quality of studies included in the review (modified Cochrane), which presents an approach similar to the Cochrane risk of bias assessment tool (Guyatt et al., 2011) . However these criteria do not consider exposure assessment, which is an essential component to evaluate these studies. Therefore, we used a quality assessment scoring tool which was developed from Pearson et al. (2015) , which was itself previously developed from Shah and Balkhair (2011) . This scoring tool, which was originally designed to assess bias from cross-sectional and cohort studies, was adapted to also allow bias to be assessed from experimental and quasi-experimental studies (Appendix B). Two reviewers (AH, PD, SR) independently assessed each study with reported health effects for eight potential sources of bias: study design, selection, responder, confounder, exposure assessment, outcome assessment, sample size and analytical. A third reviewer resolved any disputes (PD, AH). Scores were provided on a scale of 1-4; a score of 4 was given where there was low bias.
Results
The study selection process is represented in Fig. 1 . After removing duplicates, the search strategies (electronic databases, personal communication) identified 5555 citations. During title and abstract screening, 5488 citations failed to meet the inclusion criteria. The most frequent reasons for exclusion were: did not concern bioaerosols, did not publish original research, did not assess the level of exposure and relationship of exposure to outcome, or did not concern farming (for example, considered only composting or waste studies). Of the remaining 67 studies that underwent full text screening, 38 papers were eligible and underwent data extraction. Among the final set of 38 papers, 21 were occupational studies measuring concentrations of bioaerosol components, there was one community-based study measuring concentrations of bioaerosol components, and 16 communitybased studies that used a proxy for bioaerosol exposure (e.g. distance from site or estimated concentrations from dispersion modelling). The majority of the studies were located in Europe, particularly the Netherlands and Germany and in the USA. Few studies provided sufficient information for clear decisions on the operation of the farms (i.e. whether intensive livestock farming). Four community-based studies using a proxy for bioaerosol exposure were conducted exclusively on children (Hoopmann et al., 2006; Mirabelli et al., 2006; Pavilonis et al., 2013; Sigurdarson and Kline, 2006) ; a fifth study (Smit et al., 2012) was conducted on children and adults. The study characteristics of the studies are summarised in Table 1. The studies identified in this review demonstrated high levels of heterogeneity in study designs, outcome measures and exposure assessment. Therefore, statistical meta-analysis was not justified and narrative and tabular summaries of the exposure characteristics and health effects are presented. We consider occupational and community studies separately.
3.1. Summary of the exposure measures 3.1.1. Occupational studies measuring concentrations of bioaerosol components All of the 21 occupational studies measuring concentrations of bioaerosol components enumerated endotoxin from measured respiratory, inhalable and/or total airborne dust (eight measured only total airborne dust (Dosman et al., 2006; Eduard et al., 2004; Eduard et al., 2009; Larsson et al., 1992; Palmberg et al., 2002a; Radon et al., 2001; Schiffman et al., 2005) , three measured total airborne and respiratory dust (Donham et al., 1989; Donham et al., 2000; Zejda et al., 1994) , five measured only inhalable dust (Portengen et al., 2005; Preller et al., 1995; Vogelzang et al., 1997; Vogelzang et al., 1998; Vogelzang et al., 2000) , four measured inhalable and respiratory dust (Hoffmann et al., 2005; Palmberg et al., 2004; Sahlander et al., 2010) and one study measured respiratory dust only (Radon et al., 2000; Schinasi et al., 2011) ). Although the dust size fraction was not defined in the studies, it is now widely accepted that the inhalable fraction and the respirable fraction includes particles with an aerodynamic diameter ≤100 μm and ≤10 μm, respectively (Commission, 2002) . Only four studies measured total bacteria (Donham et al., 1989; Eduard et al., 2004; Eduard et al., 2009; Radon et al., 2001) , the same studies also measured total fungi, of which one also measured actinomycetes (Eduard et al., 2009 ).
The ranges of the different bioaerosol components and particulates extracted from the reviewed literature (if provided) are as follows (note that studies presented results with various units, which have been harmonised below):
• Endotoxin 2.00 10 • Total fungi/mould 0.00 10 0 to 1.10 10 9 CFU m −3
The concentrations of the bioaerosol components and particulates measured in the selected studies were highly variable; measured endotoxin concentrations ranged over 14 orders of magnitude, total bacteria concentrations over 11 orders of magnitude and total fungi/ mould over ten orders of magnitude. Total/airborne/personal dust was also highly variable (expanding over 13 orders of magnitude), whereas inhalable dust and respirable dust was less variable, expanding over three and two orders of magnitude respectively.
The majority of studies (n = 18) were conducted on pig farms. One study was conducted on pig and poultry farms (Radon et al., 2001) , another study was conducted on just poultry farms (Donham 2000) and two studies were conducted on pastoral farms (including pig and poultry farms but also cattle, sheep, and goat) (Eduard et al., 2004; Eduard et al., 2009) . Endotoxin measurements were conducted in farm buildings, during feeding and tending operations, and on the subjects included in the study (personal samples), as highlighted in Fig. 2 . Three studies measured endotoxin concentrations in a fixed location in a farm building or during feeding/tending operations (Donham et al., 1989; Schinasi et al., 2011; Zejda et al., 1994) . One study (Schiffman et al., 2005) measured endotoxin concentrations in an experimental chamber whereby air from a pig house building was pumped into the chamber to simulate pig house conditions in a controlled environment. The remaining 18 studies measured personal endotoxin exposure (samplers were placed on at least one subject in the study). Table 1 summarises the exposure assessments conducted in each study.
To evaluate whether there were any patterns in the endotoxin concentrations by farming type and sampling location, their average values (mean or median depending on what metric was reported in the study) are presented in Fig. 2 (results for total bacteria and total fungi/ moulds are presented in Appendix C).
The results in Fig. 2 indicate that feeding and tending operations at P. Douglas et al. International Journal of Hygiene and Environmental Health 221 (2018) 134-173 
Cross-sectional study (and a case control study on a subset) As per Smit et al. (2012) As per Smit et al. (2012) (1) Distance to nearest farm (quartiles) from residential address pig farms result in higher endotoxin concentrations than personal samples and samples taken in buildings. However these are reported from a single study (Larsson et al., 1992) , who reported concentrations in non-standard units (ng/cu mm). Although the units were converted to ng m −3 to facilitate comparisons between studies, the conversion resulted in unusually high endotoxin concentrations compared with other studies. With this exception, Fig. 2 shows that there was no clear pattern on where the highest endotoxin concentrations were observed. Fig. 2 also highlights the large variation in endotoxin concentrations, and high variability within the same study It was difficult to compare bioaerosol and particulate measurements in the studies, due to the different measurement techniques used, and units presented. Furthermore, measurements were often performed over short time periods. Background concentrations, which are particularly important when trying to interpret values at the lower end of exposure (Fig. 2) , were not provided.
Community-based studies measuring concentrations of bioaerosol components
Only one study where bioaerosol concentrations were measured was conducted in a community setting (Schinasi et al., 2011) . In this study air pollution monitors were located in a central location in 16 communities (it is not stated in the paper how far from an intensive farm these sampling locations are). Endotoxin was assayed from 12-h PM 2.5-10 samples whereby estimates of exposure were made with a timeweighted average of the concentrations during the 12 h prior to outdoor exposure. The mean average endotoxin concentrations (converted from the original EU mg −1 values reported) values were measured in 12 communities and are presented in Fig. 2 . Endotoxin concentrations in this study were comparable to those at the lower end of the range of exposures for occupational studies (minimum mean 20.06 (standard deviation (SD) ± 8.36) -maximum mean 87.55 (SD ± 74.80)), but background values were not available.
3.1.3. Community-based studies using proxy measures for exposure 16 of the 17 community-based studies did not directly measure bioaerosol concentrations. Instead a proxy for exposure was used to assess health outcomes in relation to intensive farming sites. Proxy measures do not give a direct indication of bioaerosol exposure, and any observed health effects may not be directly due to increased bioaerosol exposure as a result of intensive farming, and may be the result of another pollutant and/or source or scenario. The proxies used are summarised in Table 1 and varied in levels of reliability, including:
• Living in a study area (e.g. homes or schools near intensive farms) compared with a control area (e.g. an area of similar population characteristics, located away from intensive farms) (Bullers, 2005; Sigurdarson and Kline, 2006; Thu et al., 1997; van Dijk et al., 2016a; Wing and Wolf, 2000) • The number of farms and/or animals (sometimes stratified into farm/animal type) within the area (Hooiveld et al., 2016; Radon et al., 2005; Radon et al., 2007; Smit et al., 2014; van Dijk et al., 2016b) • Distance from farm (Borlee et al., 2015; Huijskens et al., 2016; Mirabelli et al., 2006; Pavilonis et al., 2013; Smit et al., 2012; Smit et al., 2014) . Pavilonis et al. (2013) also considered the percentage of time that the wind was blowing from the farm
• Inverse distance weighted PM 10 (particles with aerodynamic diameter 10 μm or less) as an exposure proxy for bioaerosols (van Dijk et al., 2016b ).
• Using dispersion models to estimate concentrations. Hoopmann et al. (2006) used a Lagrange particle model to model bioaerosol concentrations. Smit et al. (2014) used modelled PM 10 as a proxy for bioaerosols.
• Self-reported odour level (Radon et al., 2007) . Hygiene and Environmental Health 221 (2018) 134-173 Some studies considered multiple exposure proxies, as summarised in Table 1 . The use of exposure proxies is likely to result in exposure misclassification, which can introduce bias. The severity of exposure misclassification depends on the exposure proxy used. For example, using distance from farm as a proxy is more likely to result in a higher level of exposure misclassification than using a dispersion model to estimate pollutant concentrations for example (see also Appendix B).
3.2. Summary of the health measures 3.2.1. Occupational studies measuring concentrations of bioaerosol components
The majority of papers (21 out of 22) that both measured concentrations of bioaerosols and assessed health effects were in occupational groups (i.e. farmers). Of the 21 studies measuring bioaerosol concentrations, eight were cross-sectional in design (Eduard et al., 2004; Eduard et al., 2009; Larsson et al., 1992; Preller et al., 1995; Vogelzang et al., 1997; Zejda et al., 1994) , two were also quasi-experimental pre-post exposure studies (Radon et al., 2000; Radon et al., 2001) . Six studies were experimental in design (Sahlander et al., 2010; Schiffman et al., 2005) , and a further four studies were pre-post exposure, quasi-experimental in design (Bonlokke et al., 2012; Donham et al., 1989; Donham et al., 2000; Palmberg et al., 2004) . Two studies were prospective cohorts (Vogelzang et al., 1998; Vogelzang et al., 2000) , and one was a case-control study (Portengen et al., 2005) . Study designs are summarised in Table 1. Studies used a wide range of sample sizes, with some as few as 16 workers and some several thousands. A wide range of outcome measures or endpoints were used, but chiefly related to respiratory health and immune system activation. Such measures include both subjective measures (based on self-report, usually questionnaires) and objective measures (based on direct measurement). Most studies contained multiple endpoints to assess the effects of exposure on health. No study showed a significant effect with respect to all the endpoints. However, all of them reported at least one significant finding supporting adverse health effects of occupational exposure to bioaerosols from farms. The statistical significant health outcome associations with bioaerosol exposure are shown in Table 2 and described further in the text below.
3.2.1.1. Lung function and respiratory symptoms. In terms of health outcomes studied most studies reported impaired lung function, especially FEV 1 (forced expiratory volume in the first second), and respiratory symptoms such as coughing, wheezing, chest tightness and shortness of breath in workers exposed to bioaerosols. The exact aetiology remains unclear, but associations were primarily found with inhalable dust and endotoxin exposures. Analyses of Bronchoalveolar Lavage (BAL) fluid and sputum samples revealed the presence of an inflammatory response (increased cellularity and alteration of cytokine milieu) in workers exposed to bioaerosols. Consistent findings were obtained for studies involving intentional and controlled exposures to bioaerosols in healthy, but previously unexposed human volunteers. However, whether these effects remain after cessation of exposure or may lead to long-term effects remains largely unknown. Interestingly, there is some evidence of an inflammatory adaptation, tolerance-like was an experimental study whereby air from a pig house was pumped into a chamber. The value reported is the concentration measured within the chamber when simulating pig house conditions response in chronically exposed farm workers (Sahlander et al., 2010) . Few studies examined interactions. There was insufficient evidence available to determine whether the type of farm (pig or poultry) influenced interactions between health and bioaerosol exposures. Few studies found evidence of effect modification by factors, such as sex, age, smoking status and co-morbidity. However, Preller et al. (1995) showed stronger associations between occupational exposures to bioaerosols and adverse health outcomes among subjects with a history of chronic respiratory health problems. A slightly increased risk was also observed with increasing duration of work (Radon et al., 2000) .
3.2.1.2. Asthma. Only one study reported an association between occupational exposure to bioaerosols and increased risk of non-atopic asthma (Eduard et al., 2004) . Among the bioaerosol components measured, elevations of fungal spores and endotoxin showed the strongest associations with disease. However, in the same study these exposures were negatively associated with atopic asthma, suggesting possible protective effects.
3.2.1.3. Chronic bronchitis. Studies of occupational exposure to bioaerosols and chronic bronchitis showed mixed results, with some studies showing no association (Radon et al., 2001 ) and positive findings in other studies (Donham et al., 1989; Eduard et al., 2009; Zejda et al., 1994) . Positive associations were principally with endotoxin and bacteria. Analyses stratified by duration of employment did not indicate a consistency of results among those employed the longest (Donham et al., 1989; Eduard et al., 2009 ).
There was only one study of health outcomes related to environmental bioaerosol exposure from intensive farming in a community setting (Schinasi et al., 2011) . This study was quasi-experimental in design. This study did report a 10 EU mg −1 increase in endotoxin to be associated with increased log odds of sore throat (0.10 ± 0.05), chest tightness (0.09 ± 0.04) and nausea (0.10 ± 0.05). However the study used a sample size of 101 and relied upon self-reported measures of health. Also, this study did not statistically adjust their analyses to account for socio-economic status, which has been shown to affect how individuals assess their health status.
3.2.3. Community-based studies using a proxy for bioaerosol exposure All 16 studies were cross-sectional in design with the exception of Huijskens et al. (2016) which was a case control study. Smit et al. (2014) also conducted a case control study in a subset of participants.
In general, the sample size of these studies was larger than those measuring bioaerosol concentrations in the workplace. Most studies have relied on clinical data extracted from general practitioner (GP) electronic medical records. The included studies were very heterogeneous in study population and outcomes measured. Of the 16 included studies, four of these studies were explicitly concerned with children (Hoopmann et al., 2006; Mirabelli et al., 2006; Pavilonis et al., 2013; Sigurdarson and Kline 2006) . The findings of studies that examined the relation between proximity to livestock farms and adverse health outcomes are summarised in Table 2. 3.2.3.1. Lung function and respiratory symptoms. Three of the sixteen studies reported protective associations with respiratory health (Borlee et al., 2015; Smit et al., 2014; van Dijk et al., 2016b) , while the others have reported adverse associations although these were not necessarily consistent across studies. Studies relying on self-reported chronic respiratory syndromes, such as wheezing, pulmonary function and use of respiratory medicine, found higher risks among residents living closer to livestock farms (Bullers, 2005; Mirabelli et al., 2006; Radon et al., 2005; Radon et al., 2007; Thu et al. 1997; van Dijk et al., 2016b; Wing and Wolf, 2000) . The three studies finding protective associations used electronic medical records from GP practices (Borlee et al., 2015; Smit et al., 2014; van Dijk et al., 2016b ) -all these studies were based in The Netherlands and used the same study population. Only a few studies adjusted for the presence of other types of farm animals. Of note, van Dijk and colleagues found a higher prevalence of respiratory conditions on GP registers among residents living within 500 m from a poultry farm with > 14,000 birds (Relative Risk (RR):1.09; 95% Cl:1.00-1.18) (van Dijk et al., 2016b) . However, in the same study the presence of pig farms within a 500 m radius of the home address was associated with a decreased prevalence of respiratory conditions (RR: 0.89; 95% Confidence Interval (Cl): 0.83-0.95) (van Dijk et al., 2016b) . Adjusting for education level (used as a proxy for socioeconomic status) did not significantly alter these associations. Smit et al. (2012) reported increased pneumonia incidence to be associated with the presence of poultry within 1 km in adults (Odds Ratio (OR): 1.25; Cl: 1.06-1.47). However in general, other investigators looking at pneumonia or other infectious diseases (such as Q fever) have found associations only for goats, which are known to be one of the main carriers of Q fever (Hooiveld et al., 2016; Huijskens et al., 2016) .
3.2.3.2. Asthma. Although most of the studies found no association of distance to nearest pig or poultry farm and asthma in adulthood, some reported statistically significant inverse (protective) correlations (Borlee et al., 2015) . Indeed, the presence of a livestock farm with 100 m of the home address was significantly negatively associated with current asthma (OR 0.65, 95% Cl 0.45-0.93). Stratification by atopic status indicated a positive association for presence of poultry at 500 m and atopic asthma (Borlee et al., 2015) . However, the presence of pigs at 500 m showed negative associations with non-atopic asthma (Borlee et al., 2015) . Interestingly, all four studies (three in USA, one in Germany) involving children yielded modest but consistent evidence supporting increased self-reported asthma rates among those children living or attending schools located within close vicinity (e.g. 500 m) of an intensive farm (Hoopmann et al., 2006; Mirabelli et al., 2006; Pavilonis et al., 2013; Sigurdarson and Kline 2006) . Of note, the Hoopmann study used modelled endotoxin as exposure measure, but significant associations with asthma symptoms were only seen in children with atopic parents.
3.2.3.3. Chronic bronchitis. Only three of the included studies specifically mentioned assessing the effect of living in the vicinity (e.g. 100-500 m) of livestock farms on new-onset or exacerbation of COPD (Borlee et al., 2015; Smit et al., 2014; van Dijk et al., 2016a) . The study by Borlee et al. (2015) found the presence of a livestock farm within 100 m of the home address to be significantly negatively associated with COPD (OR 0.71, 95% Cl: 0.51-0.98). However, when analysis was stratified to those with COPD, there was an increasing probability of wheezing among COPD patients when living < 500 m from a farm (Borlee et al., 2015) . Increased symptom reporting associated with livestock farm exposures in COPD patients has also been reported by van Dijk and colleagues (van Dijk et al., 2016a) . Interestingly, this study showed COPD patients living within a 500 m radius of stables with the lowest poultry densities (up to 12,499), but not higher poultry densities (> 12,499), had exacerbations more often than patients without poultry exposure (van Dijk et al., 2016a) . Took diurnal variation into account FVC decreased 3.1% over the work shift after the period of respirator use whereas it showed no cross-shift decline after the unprotected period Repeated measurement of the workers at the same time of day -reduces confounding Cross-shift increase in blood neutrophils (p < 0.0001) with a greater cross-shift increase after the respirator use period (p = 0.01). Cross-shift increase in IL-6 (p < 0.0001) with a greater cross-shift increase after the respirator use period
Lack of proper absence period from work Plasma concentration of BPI protein decline over the work shift after the respirator use period but not after the unprotected work
Small sample size Donham et al. (1989) Acute and chronic respiratory symptoms were assessed via interview/questionnaire
Cases reported significantly (p ≤ 0.05) higher frequencies of cough and chest colds compared to controls.
Standardised questionnaire used to assess chronic respiratory symptoms.
Cases also completed spirometry (FVC, FEV 1 , FEF 50 . FEF 75 ) and provided blood samples (serum tested for antibodies to suspected environmental allergens) before and after work period.
There were significant relationships between personal respirable dust exposure and cough in non-smokers (p = 0.04) and fever episodes in smokers (p = 0.0001) and number of airborne mould spores and work-related chest tightness (p = 0.0009) and dyspnoea (p < 0.001) in non-smokers.
Small study of 57 pig workers and 55 controls, with limited adjustment for confounders Chronic bronchitis symptoms were more common among pig workers than controls and were related to the number of years working with pig, which is supported by significant relation of years at work to baseline FEF 75 (p ≤ 0.05).
Short term study and does not assess long-term effects of bioaerosol exposure to health.
There is a significant dose-response relationship (PR > F 0.004) between ΔFEV 1 and endotoxin concentrations in non-smokers. Donham et al. (2000) Respiratory symptoms were assessed by standardised questionnaire Poultry work status was significantly associated with a work shift decline in FEV 1 (1.10% in poultry workers and 0.02% in controls) and FEF (1.50% decline in poultry workers and 2.10% increase in controls) after adjusting for smoking status.
Additional questions were added to assess occupational and exposure histories.
Pre-and post-work pulmonary function tests (FEV 1 , FEF 25-75 )
Weak but statistically significant correlations between FEF 25-75 decline with total dust (r = 0.275, p = 0.0001) and endotoxin (r = 0.201, p = 0.0020)
Have assessed dose-response relationships and estimated threshold values.
Generally strong trends of increasing odds ratios for lung function decline relative to increasing exposure quartiles, which were statistically significant for 3% and 5% crossshift declines in FEV 1 and 3%, 5% and 10% cross-shift decline in FEF 25-75 . Dosman et al.
Spirometry (FVC, FEV 1 , FEV 1 /FVC ratio, FEF 25-75 ) nasal lavage, and blood sampling at the start and end of each day (cross-shift) after the start of each exposure day. IL-6 and IL-8 were analysed in nasal lavage and blood samples.
% change in pulmonary function test variables (FEV 1 ) at high-level endotoxin and dust exposure were significantly greater in those who were "more responsive" than in those who were "less responsive"
Small sample size. Subjects were exposed for short periods of time (5 h). Therefore only acute effects could be assessed. The study population may not be representative of a typical farming population.
Individuals categorised into "more responsive" and "less responsive" based on FEV 1 shift reduction following high endotoxin exposure Most of the inflammatory markers were in the direction of greater response among those who were "more responsive" than among those who were "less responsive". At conditions of low exposure there was significantly greater response in total White Blood Cell (WBC) (p < 0.05) and in lymphocyte count (p < 0.05) among those who were "more responsive" compared to those who were "less responsive". At high exposure there were significantly greater numbers of nasal lavage cells (p < 0.05) among those who were "more responsive"
Subjects exposed to a complex ambient environment in the pig barn that included not only endotoxin but also dust and a variety of gases such as ammonia (continued on next page) Large study involving 8482 farmers, 1614 of which were tested for atopy.
Statistical analysis for atopy testing Asthma prevalence was significantly higher in cattle farmers (OR 1.80 95% CI 1.10-2.80) and pig farmers (OR 1.60 95% CI 1.00-2.50) No comparison group so not possible to assess differences in prevalence of asthma in farmers and the general population Models with one agent showed significant positive associations in a dose-dependent way between non-atopic asthma and fungal spores/endotoxin; same agents were negatively associated with atopic asthma (also in a dosedependent manner). Models with two exposure variables indicated that exposure to fungal spores was more strongly associated with atopic asthma than endotoxins and ammonia Eduard et al. (2009) Atopy was assessed based on answers to a questionnaire (subset from Eduard et al., 2004) Chronic bronchitis and COPD was more common in livestock farmers than in crop farmers (OR 1.9 95% CI 1.4-2.6 and OR 1.4 95% CI 1.1-1.7-respectively). Chronic bronchitis was significantly (p < 0.05) associated with all types of livestock farming (OR 1.6-2.3), and COPD with significant elevated risks in dairy farmers (OR 1.395% CI 1.0-1.7) and farmers with two or more types of livestock (OR 1.4-1.5).
Large study involving 4735 farmers.
FEV 1 was significantly lower in livestock farmers compared to arable farmers (-41 ml 95% CI −75-−7 ml) and in farmers with two or more types of livestock (−81-−52 ml).FVC and FEV 1 were negatively associated with farming duration.
Cross-sectional study and does not assess long-term effects of exposure. Likely misclassification of exposure levels, however, this is likely to be small as exposure study performed during a 5-year period & all seasons, limiting the influence of temporal variations COPD, chronic bronchitis and FEV 1 were significantly associated with exposure to endotoxin, bacteria, and fungal spores
The study included a large number of different exposures, allowing the study of the effects of a wider range of potentially causal agents. However, due to high correlations leading to multicollinearity, the study of independent effects of specific biological agents was not possible. Hoffmann et al. (2005) Examined at baseline, three times during 3hr exposure (after each hour), and at 1, 3, 9 and 21 h after exposure
Significant correlations between C3d and respirable dust after start of exposure (r > 0.543, p < 0.030). C3d was significantly higher in atopics than non-atopics (33.2 mU/ l vs 26.0 mU/l p = 0.043), and there was a significant increase in plasma C3 in atopic participants from baseline to two hours post exposure (4.39 μmol/l to 4.93 μmol/l p = 0.010) Short-term (1 day exposure). Long-term exposure affects not accounted for, nor was any potential long-lasting health outcomes (e.g. beyond 21 h after exposure)
Skin prick test (to test for common and work-place related allergy), bronchoscopy at baseline and 21 h after exposure, Bronchoalveolar lavage (21 h after exposure), 8 blood samples taken throughout exposure day (baseline, once per hour during exposure, 1,3, 9 and 21 h after exposure) blood analysed for Eosinophilic cationic protein (ECP), C3, α 1 -AT, C-reactive protein (CRP), α 1 -AG, C3d, fibronectin, SP-D, Mannose-binding lectin (MBL), α 2 -M, spirometry at baseline and after 3 h exposure period.
Plasma C3, fibrinogen and α 1 -AG peaked 1 and 6 h after exposure start. Mannan-bingin lectin, CRP and α 1 -antiitrypsin peaked after 2 h.
Only SP-D, α 2 -M and fibronectin were detected in BAL. Spirometric measurements did not vary during exposure Acute exposure leads to a weak inflammatory response Subjects examined 1 week before, during and 1 day after the exposure, and followed until 2 weeks after exposure.
Total indices for erythema, oedema, secretions and friability increased significantly 1 day after exposure, compared to baseline values (p < 0.006). BAL IL-6 increased significantly 1 day after exposure, compared to baseline (p = 0.001) Reduction of serum TNF-α suggested induction of endotoxin tolerance Underwent bronchoscopy − visual analogue scale (0-3); indices of erythema, oedema, secretions, friability and cough; nasal lavage, and blood IL-6 and TNF-α were analysed in nasal lavage and blood samples. Serum IL-6 was elevated 3-12 h after exposure start (p < 0.001) and returned to pre-exposure values after 24 h. Serum TNF-α decreased within 3 h after the start of exposure, reaching a minimum level after 6 h and remaining decreased for 2 weeks (p < 0.006).
Small sample size. Subjects were exposed for short periods of time (3 h) therefore only acute effects could be assessed. The study population may not be representative of a typical farming population.
Subjects exposed to a complex ambient environment in the pig barn that included not only endotoxin (also no correlation between endotoxin exposure levels, Lipopolysaccharides (LPS) and reduction in serum TNF-α) (continued on next page) The amount of antibodies in skin prick tests were higher with regard to pig dander, pig dust and pig food in farmers than the reference group (p < 0.001).
Bronchial methacholine challenge (11 non-exposed females) BAL fluid (25 healthy non-farmers) Blood samples (skin prick tests for gel-enzyme-linked immunosorbent assay analyses) (25 non-farmers (ten of the serum samples also acted as controls for precipitin analysis)) Palmberg et al.
Symptoms of headache, chills, mental fatigue and muscle pain assessed by questionnaire. 
Spirometry (VC, FEV 1 , PEF), bronchial methacholine challenge, nasal lavage, and blood sampling 1 week prior and 7 h after the start of exposure.
In the group without respiratory protection, symptoms such as shivering (p < 0.01), headache (p < 0.05), and malaise (p < 0.01) increased after exposure, whereas only shivering (p < 0.05) increased in the group with respiratory protection.
Small sample size. Subjects were exposed for short periods of time (3 h) with no repeat measurements. Therefore only acute effects could be assessed. The study population may not be representative of a typical farming population.
IL-6 and IL-8 analysed in nasal lavage and blood samples.
FEV 1 decreased significantly by 4-5% in both groups following exposure and PEF decreased significantly after exposure in the group without respiratory protection (from 560 to 520, p < 0.01)
However study was not to assess overall respiratory health in comparison to exposure, but was an experimental study to assess respiratory protection effectiveness. Unclear relevance to community effects. Body temperature Bronchial responsiveness to methacholine increased significantly in both groups (p < 0.05) Total cell concentrations in nasal lavage fluid increased significantly in both groups (and significantly more in the group without respiratory protection p < 0.05) due to an increase in neutrophilic granulocytes (p < 0.01 without protection, p = 0.06 with protection). IL-6 (p < 0.01) and IL-8 (p < 0.001) significantly increased in subjects without respiratory protection Leukocytes in blood increased in concentration significantly in the group without respiratory protection (p < 0.01) due to an increase of neutrophilic granulocytes Portengen et al. (2005) Symptoms assessed based on answers to a questionnaire Airway hyperresponsiveness was strongly associated with case-control status (OR 4.1, 95% CI 2.0-8.5)
Relatively small study including 81 cases and 81 controls. Confounding by differences in lifestyle and childhood exposure thought unlikely as all subjects were full-time pig farmers from same geographic area and were likely to have been born on a farm. Unclear relevance to community effects. The cross-sectional design of the study makes it impossible to say whether the low prevalence of atopy in highly exposed farmers is a consequence of a reduced incidence or an increased remission of sensitization. Does consider dose-response relationship (continued on next page) Relatively small sample size and cross sectional in design -does not examine long term effects Lung function (FEV 1 and airway responsiveness using histamine provocation) Radon et al. (2000) Respiratory symptoms assessed by questionnaire
There was a significant decrease in lung function after feeding in the morning (p < 0.05) but the decrease was not significant in the afternoon. Samples from two countries therefore hard to make comparisons between poultry & pig farmers.were analysed blindly by the same person (lung function testing) Results support the need for a prospective cohort study involving a larger number of farmers to estimate the effects of respiratory health in more detail Sahlander et al. (2010) Nasal lavage (cellular analysis), and blood cytokines were analysed in nasal lavage and blood samples 
Symptoms (physiological and psychological) were evaluated using a visual analogue scale questionnaire Subjects were more likely to report headaches (4.1 times more likely (p = 0.001)), eye irritation (6.1 times more likely (p = 0.004)) and nausea (7.8 more times likely (p = 0.014)) in the study conditions than the control conditions.
Small sample size (continued on next page) Lung function declined with increasing endotoxin exposure, particularly for FVC, which were significantly correlated (p < 0.05). FVC was inversely associated with endotoxin concentration (p = 0.08) Variability relating to work site and seasonal effects was significant, which may reflect livestock production cycles Not all confounders were adjusted for Community-based studies measuring concentrations of bioaerosol components (n = 1)
Subjects noted any cough or irritation, and asked to rate the extent they experienced acute respiratory and physical symptoms on an 8 point scale over 12 h.
Associations of acute irritations with 1-h odour and H 2 S, but no PM 10 except for eye and skin irritation.
Only community-based study where both exposure measurements and health data have been collected
Lung function (FEV 1 PEF) T-values for beta coefficients from linear conditional fixed-effect models were small for 12-h average concentrations of PM 2.5 , PM 10 , and endotoxin and lung function, except for PM2.5 and FEV 1 , which decreased
Repeat measurements were made, but it is still a small sample size, which limits ability of measuring association in sub groups.
Chi Squared values were small indicating that exposure measures were poor Also subjects conducted their own tests with limited training, so the results may not be valid. There were positive associations between symptoms and endotoxin Community-based studies using proxy measures for exposure (n = 16)
Questionnaire on respiratory health Found an inverse association between different indicators of livestock farm exposure and self-reported asthma, COPD, and nasal allergies with individual exposure estimates based on residential address, suggesting a protective effect. There is a positive association between presence of poultry within 500 m and atopic asthma Community-based study (continued on next page) 
Standardised questionnaire on asthma symptoms to diagnose asthma.
There were few statistically significant associations between bioaerosols exposure and asthmatic and allergic symptoms
Results indicate that genetic predisposition and early life exposure (e.g. factors such as breast-feeding) are important. Standardised physical examination and SX-1 tests to detect visible signs of flexural dermatitis (neurodermatitis).
There was an increase in prevalence of asthma symptoms for increased estimated endotoxin concentrations in children with atopic parents (odds ratio: 1.15, p = 0.016 per one unit log endotoxin concentrations). Capillary blood was analysed for IgE to differentiate between intrinsic and extrinsic asthma. SE-1 test to detect specific IgEantibodies for allergens in serum (pollen, from rye, birch, mugwort, Cladosporium herbarum, house dust mite, cat hair, dog hair) Huijskens et al. (2016) Throat swabs and blood samples, sputum and urine were tested for respiratory pathogens CAP; caused by coxiella burnetii is associated with the presence of sheep and number of goats within 1 km of a household (P < 0.05), Although the majority of estimates are small in relative terms, the increases are important in absolute terms because of the high prevalence of asthma-related symptoms in this age-group Most associations were slightly higher in adolescents with self-reported allergies; however, the PR for physiciandiagnosed asthma was higher among students without (PR: 1.14; 95% Cl:1.01-1.26) compared with those with (PR: 1.06; 95% Cl:0.99-1.12) self-reported allergies Pavilonis et al. (2013) Medical (including respiratory symptoms, asthma status) information was obtained from questionnaires
Children with a larger relative environmental exposure had significantly increased odds of asthma (OR = 1.51, p = 0.014) and asthma and medication for wheeze (OR = 1.38, p = 0.023). A linear trend was observed when stratifying for exposure quartiles for asthma and medication for wheeze monotonic dose-response
Questionnaires were electronic and included questions from validated questionnaires
Relationship was observed between increasing exposure quartiles and the prevalence of childhood asthma. Radon et al., 2005 Questionnaire including validated questions of respiratory symptoms and diseases.
The prevalence of allergic diseases was higher in the study population compared to urban populations.
Exposure proxy consists of number of animal houses within 500 m only. Unclear why 500 m was chosen.
Collection of serum (for allergic sensitisation)
Subjects with more than 12 animal houses within 500 m of their home had a higher odds ratio for wheezing (without cold) (OR: 2.7, CI: 1.4-5.4), and decreased FEV 1 (mean 0.26 l), and lower FEV 1 /FVC ratio Objective and non-objective data used.
Lung function tests (spirometry, (FEV 1 , FVC) Methacholine challenge (continued on next page) Smit et al. (2014) EMR data for asthma, COPD and allergic rhinitis from GPs in provinces with a high density of farm animals were collected (as per Smit et al. (2012) ).
Statistically significant negative association with farmrelated PM10 and all health outcomes. Those living closer to a farm (< 280m) had significantly lower odds of allergic rhinitis and COPD compared with those living further away (> 640m).
Not possible to distinguish between atopic and non-atopic asthma
A subset of 317 diagnosed with asthma (cases) and 662 with low back pain (controls) answered a questionnaire
The presence of goat, sheep and pig farms were inversely related to health outcomes, whereas the opposite was observed for mink farms.
Use of GP EMR data likely to result in high specificity but a low sensitivity Adjustment for confounding did not alter results Thu et al. (1997) Symptoms (physical and psychological), and symptom frequency were assessed in adults via an interview administered questionnaire.
Residents near the swine operation reported higher frequencies of 14 out of the 18 physical symptoms than the control population. Skin rash, muscle aches and fever were reported more frequently among the control group. Physical symptoms in 4 clusters (cluster 1: respiratory symptoms; cluster 2: nausea, weakness, dizziness and fainting; cluster 3: headaches and plugged ears; cluster 4: burning eye, runny nose and throat). Cluster 1, 2 and 3 were significantly greater in swine facility neighbours compared to the control area (p = 0.02, 0.04 and 0.06 respectively). There was no connection between the frequency of reported physical symptoms and distance from the swine facility.
Small study with limited power
Little evidence to suggest that neighbours of the largescale swine operation suffer higher rates of anxiety or depression
Relies on questionnaire data
No exposure measurement − exposure is assumed if residing within 2 mile and higher or lower levels of exposure are not distinguishable Unable to evaluate susceptible groups van Dijk et al. (2016a) Electronic Medical Records (EMRs) for 2006-2012 from Asthma and COPD patients aged 7-40 from GP practices located in rural areas with a high density of livestock farms (case area) and lower density of livestock farms (control area)
Individual-level exposure estimates were not associated with exacerbations of asthma or COPD Performed various sensitivity and subgroup analyses.
Exacerbation of COPD was higher in areas of high density farming than lower density farming (IRR 1.28 95% CI 1.06-1.55). This was 36% higher for patients living within 500 m of poultry farms with up to 12,499 chickens (IRR 1.36 95% CI 1.03-1.79). This was not observed in asthma patients.
No information on animal housing systems, ventilation and manure handling and spreading systems.
Unable to distinguish between different severities of asthma and COPD van Dijk et al. (2016b) General Practitioner (GP) contacts of 54,777 patients were included: all; respiratory symptoms, respiratory illness, acute respiratory infections.
There were small protective associations with all exposure measures almost all of which were statistically significant except for poultry farms with > 14,000 birds within 500 m with increased risk for respiratory diagnoses of 1.09 (1.00-1.18) and acute respiratory infections 1.17 (1.06-1.29)
Overall negative effect including for PM 10 emissions except for increased risk of respiratory diagnoses and infections for large poultry farms within 500m
(continued on next page) P. Douglas et al. Table 3 presents results of the bias assessment, which was assessed using the tool presented in Appendix B, developed from Pearson et al. (2015) , which was itself previously developed from Shah and Balkair (2011) . Explanations for the scores agreed for each study are presented in Appendix D. A high score denotes a low risk of bias and a low score denotes a high risk of bias. The highest possible score is 32, and lowest possible score is 8. Overall studies included in this systematic review scored 11-27 (a score of 16-27 for the 21 occupational studies measuring exposure, a score of 19 for the one community study measuring exposure, and a score of 11-25 for the 16 community studies using an exposure proxy).
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Bias assessment
In general, the occupational studies scored better on study design (as many were experimental or quasi-experimental) and exposure assessment (as measured), but were more prone to selection bias and small sample sizes. A small sample size does not necessarily correspond to low statistical power, but few studies presented sample size calculations. In general community studies had higher sample sizes and were less prone to selection bias, with good or adequate confounder control. However, almost all community studies were cross-sectional in design so it is more difficult to assign effects to farming exposure. Only one community study measured exposure, so studies are prone to bias in exposure misclassification and many relied on self-report of symptoms and respiratory disease, introducing responder bias. Where community studies used general practice medical records for information on health outcomes, details of how the practices were recruited and exclusions from participation were not always present.
The majority of the studies used statistical tests appropriate for the type of question and study design and in general, an adequate description of the methodology used was provided. Comparison (control) groups were not always clearly defined. Nevertheless, the majority of the studies used appropriate methods to adjust for the major confounders, like age, sex, smoking status, socio-economic status and preexisting medical conditions.
Discussion
The increase in the number of intensive farms has led to understandable concerns about bioaerosol emissions from these facilities and any possible resultant adverse health effects. In this systematic review we evaluated the evidence base on the health effects of bioaerosol emissions resulting from intensive farming on both workers and nearby residents. The majority of the studies that measured bioaerosol concentrations were occupational. These studies can provide important insights into a potential etiological role of bioaerosol exposure on human health outcomes at the individual and population level. These studies provided qualitative evidence linking occupational exposure to bioaerosols to respiratory-tract symptoms. However, there was some suggestion that bioaerosol exposures in the workplace may be potentially protective against negative health impacts. This is consistent with bias introduced by the healthy worker effect -a well-known phenomenon in occupational epidemiological studies whereby those suffering health impacts from workplace exposures are more likely to change employment. The community studies typically relied upon proxy exposure measures and reported mixed results in adults, with some studies linking it with adverse self-reported respiratory health and others reporting no effect or even (in studies relying on general practice records) a protective effect. Studies involving children yielded modest but consistent evidence supporting increased self-reported asthma rates among those children living or attending schools located within close vicinity of an intensive farm.
In some studies, the health effects were different according to the type of animal (e.g. pig or poultry). For example, there was an increased risk of respiratory symptoms in residents living within 500 m of a poultry farm but a decrease in those living within 500 m of a pig farm (van Dijk et al., 2016b) . However, there were no consistent differences between farm types and more research will be needed before conclusions can be made.
The review showed that occupational endotoxin concentrations inside intensive farms are similar to those levels typically detected at composting facilities -a known source of bioaerosol emissions. A recent systematic review provided qualitative evidence linking bioaerosol emissions from composting facilities to poor respiratory health in workers and nearby residents (Pearson et al., 2015) . Different ventilation and air filtration systems are used by farms and as no community studies measured exposure, it is difficult to know how these occupational study measurements might related to community exposures. 
Limitations
A number of limitations need to be taken into account when interpreting the results from the included studies. The studies were heterogeneous in design and analysis, which limited the possibility to conduct a meta-analysis. Studies measuring bioaerosol concentrations in this review predominantly focussed on endotoxin concentrations. However, bioaerosols are a complex mixture and any potential health effects of other bioaerosol components are not taken into account. Information is currently inadequate to apportion the relative impacts of the different components to observed health effects. Further work needs to be done to determine the potential differential toxicity of the different components. Determining the responsible toxic components in the mix may also result in more effective regulations. Exposure assessment also varied across the included studies -ranging from proxy exposure measures to analysis of bioaerosol constituents using culturebased methods.
There was only one community-based study that measured bioaerosol concentrations. The remaining 21 studies were occupational based. Whilst health data on occupationally exposed workers can provide some insight into the toxicity or lack of toxicity of bioaerosol exposures in the general population, caution should be exercised in making any inferences. Workers are typically exposed to the highest airborne levels and the 'healthy worker effect' is a potential source of bias as those affected by exposures may leave farm employment. Furthermore, these studies do not take into account population groups which may be more vulnerable, such as children and the elderly. These studies also do not take into account susceptibilities that may arise in the local population as a result of differences in social and housing factors. Differences in housing quality are known to influence health status and similar factors could also affect susceptibility within the vicinity of intensive farming sites.
For those studies that used an exposure proxy, the majority were cross-sectional in design and therefore it is difficult to determine a temporal relationship between exposure and health outcome. 
Impact
It is hoped that the information provided in this review will assist in the development of risk assessment and limit values in relation to intensive farming. For example, current practices in England require intensive farms to undertake a site specific bioaerosol risk assessment if the farming operation is within 100 m of a sensitive receptor (sensitive receptors include, but are not limited to local residents, schools and elderly housing). However, there has been much debate over the distance required for bioaerosol concentrations to return to background levels. This has been further complicated by the fact that a boundary distance of at least 250 m is currently being recommended by the English Environment Agency in relation to large-scale composting operations. However, the concentration and size distribution of bioaerosols varies with a number of factors (e.g. type of industry, geographical location, weather conditions) so it is difficult, if not impossible to make inferences between composting and intensive farms. The information provided at the time of this review does not provide hard evidence to support a change from the Environment Agency's current permitting guidance of at least 100 m. However, this should be reviewed pending acquisition of further data, which is necessary to address the limitations of those previously described. Also, it should be remembered that in some studies adverse health effects were observed at distances greater than 100 m.
Recommendations for future work
To address the limitations highlighted above, and gaps in knowledge, studies which incorporate the following are required:
1) More studies are needed with sufficient power to detect the expected effect size. Few studies included details of power calculations, making it difficult to identify which studies were sufficiently powered to detect a meaningful difference. Future studies should include exposed and non-exposed populations, a wider variety of ages (including children and the elderly), males and females, and a variety of current health statuses in both occupational and community studies. As there is evidence of adaptation to bioaerosols (Palmberg et al., 2002b) there also needs to be more studies of naïve populations being exposed to the intensive farming environment, and time needs to be taken into account as a factor.
2) Longer time frames To determine the effects of chronic and acute exposure, longitudinal studies completed over longer time scales are required. This will determine whether there are healthy worker effects (in occupational settings), innate immunity etc. It will also quantify fluctuations of different bioaerosol components seasonally and potential effects due to climate change.
3) More detailed analysis of exposure The type and concentration of different bioaerosol components needs to be quantified, and variation due to farming type or practice determined. A greater understanding of bioaerosol dispersal patterns downwind of farms is required to determine safe set back distances. Ideally long-term continuous measurements (e.g. using Wideband Integrated Bioaerosol Sensor (WIBS) technology) are required, combined with molecular analysis methods. The agreement of a standard or best practice monitoring method would also be useful to allow results from multiple studies to be more easily compared. This has recently been implemented in the UK whereby it is recommended that bioaerosol concentrations are monitored according to the M9 technical guidance note (EA, 2017) . However, there will be a delay in obtaining a set of more homogenous studies. Also the researchers likely to be using the processes and methods detailed in the M9 technical guidance note are likely to be UK based. Quantification of background concentrations of bioaerosols is needed to help determine which bioaerosol components and concentrations are released as a direct result of intensive farming.
4) Clearer definitions of the health outcomes While questionnaires can provide rich and useful data about a population, and can be used to assess symptoms, they are prone to reporting and recall bias. Therefore more objective health measurements should be completed (e.g. lung function measurements), combined with biochemical measures (e.g. lymphocyte activation and cytokine analysis).
5) Consideration of confounding factors An assessment of cofounding effects in the study population such as housing and socioeconomic status.
6) Assessment of mechanisms of action in experimental studies Experimental work in model systems to determine effects of bioaerosol components without confounding effects and so elucidate those components that have health effects, which can then be specifically focussed on for field studies and interventions.
As indicated above, there is a number of areas which clearly require a need for future research. Initially, however, the focus should be on quantifying exposure and improving understanding of the dose-response relationships in community settings.
Conclusions
To conclude, the majority of studies pointed towards a negative impact on health outcomes, particularly respiratory symptoms, among farmers exposed to bioaerosols. Studies investigating the health of communities living near intensive farms were more mixed. Further research is needed to measure and monitor exposure in community settings and relate this to objectively measured health outcomes. However, there was relatively consistent evidence of increased reported asthma among children living or attending schools near an intensive farm.
Appendix A. Search strategy
PubMed Search
(bio-aerosol* OR bioaerosol* OR aerosol* OR microbial OR microorganism OR microorganisms OR allergen* OR dander OR plant fib* OR pollen OR fungi OR fungus OR fungal OR spore* OR conidia OR aspergillus OR alternaria OR penicillin OR cladosporium OR fusarium OR saccharomy* OR mold OR mould OR mycotoxin* OR ("fungal fragments") OR glucan* OR ("volatile organic compounds") OR VOCs OR virus* OR particles OR particulate OR pollutant* OR dust OR bacteria OR bacterial OR bacterium OR endotoxin* OR clostridium OR actinomycetes OR actinobact* OR streptomy*) AND (health OR mortality OR morbidity OR admission* OR attendenc* OR lung* OR ("farmer lung") OR ("lung function") OR pulmonary OR respiratory OR inflammation OR inflammatory OR infection OR allergy OR allergies OR allergic OR asthma* OR copd OR ("chronic bronchitis" OR "hay fever") OR rhinitis OR ("hypersensitivity pneumonitis" OR "extrinsic allergic alveolitis") OR ("exhaled NO") OR FEV OR ("peak flow") OR cough OR wheeze OR ("bronchial reactivity" OR "bronchial hyperreactivity" OR "bronchial responsiveness" OR "bronchial hyperresponsiveness") OR cancer OR cancers OR carcinoma* OR heart OR cardiac* OR cardioresp* OR cardiopulmonary OR gastro OR GI OR gastrointestinal OR toxicity) AND (((farming OR agriculture) AND (intensive OR pig OR hog* OR chicken OR poultry OR swine)) OR composting OR compost OR windrows OR waste OR ("anaerobic digestion") OR landfill) NOT (hazardous OR sewage OR incinerat*)
Scopus Search
((((TITLE((bio-aerosol* OR bioaerosol* OR aerosol* OR microbial OR microorganism OR microorganisms)) OR ABS((bio-aerosol* OR bioaerosol* OR aerosol* OR microbial OR microorganism OR microorganisms)))) OR ((TITLE((allergen* OR dander OR plant fib* OR pollen)) OR ABS((allergen* OR dander OR plant fib* OR pollen)))) OR ((TITLE((fungi OR fungus OR fungal OR spore* OR conidia OR aspergillus OR alternaria OR penicillin OR cladosporium OR fusarium OR saccharomy* OR mold OR mould OR mycotoxin* OR ("fungal fragments") OR glucan* OR ("volatile organic compounds") OR vocs)) OR ABS((fungi OR fungus OR fungal OR spore* OR conidia OR aspergillus OR alternaria OR penicillin OR cladosporium OR fusarium OR saccharomy* OR mold OR mould OR mycotoxin* OR ("fungal fragments") OR glucan* OR ("volatile organic compounds") OR vocs)))) OR ((TITLE((virus* OR particles OR particulate OR pollutant* OR dust OR bacteria OR bacterial OR bacterium OR endotoxin* OR clostridium OR actinomycetes OR actinobact* OR streptomy*)) OR ABS((virus* OR particles OR particulate OR pollutant* OR dust OR bacteria OR bacterial OR bacterium OR endotoxin* OR clostridium OR actinomycetes OR actinobact* OR streptomy*))))) AND (((TITLE((health OR mortality OR morbidity OR admission* OR attendenc*)) OR ABS((health OR mortality OR morbidity OR admission* OR attendenc*)))) OR ((TITLE((lung* OR ("farmer lung") OR ("lung function") OR pulmonary OR respiratory OR inflammation OR inflammatory OR infection)) OR ABS((lung* OR ("farmer lung") OR ("lung function") OR pulmonary OR respiratory OR inflammation OR inflammatory OR infection)))) OR ((TITLE((allergy OR allergies OR allergic OR asthma* OR copd OR ("chronic bronchitis" OR "hay fever") OR rhinitis OR ("hypersensitivity pneumonitis" OR "extrinsic allergic alveolitis"))) OR ABS((allergy OR allergies OR allergic OR asthma* OR copd OR ("chronic bronchitis" OR "hay fever") OR rhinitis OR ("hypersensitivity pneumonitis" OR "extrinsic allergic alveolitis"))))) OR ((TITLE((("exhaled NO") OR fev OR ("peak flow") OR cough OR wheeze OR ("bronchial reactivity" OR "bronchial hyperreactivity" OR "bronchial responsiveness" OR "bronchial hyperresponsiveness"))) OR ABS((("exhaled no") OR fev OR ("peak flow") OR cough OR wheeze OR ("bronchial reactivity" OR "bronchial hyperreactivity" OR "bronchial responsiveness" OR "bronchial hyperresponsiveness"))))) OR ((TITLE((cancer OR cancers OR carcinoma* OR heart OR cardiac* OR cardioresp* OR cardiopulmonary OR gastro OR gi OR gastrointestinal OR toxicity)) OR ABS((cancer OR cancers OR carcinoma* OR heart OR cardiac* OR cardioresp* OR cardiopulmonary OR gastro OR gi OR gastrointestinal OR toxicity))))) AND ((TITLE((((farming OR agriculture) AND (intensive OR pig OR hog* OR chicken OR poultry OR swine)) OR composting OR compost OR windrows OR waste OR ("anaerobic digestion") OR landfill)) OR ABS((((farming OR agriculture) AND (intensive OR pig OR hog* OR chicken OR poultry OR swine)) OR composting OR compost OR windrows OR waste OR ("anaerobic digestion") OR landfill))))) AND NOT ((TITLE((hazardous OR sewage OR incinerat*)) OR ABS((hazardous OR sewage OR incinerat*)))) Wildcard key: *retrieves any number of characters, or no characters, after the stem " " searches for exact terms Following the original search of both PubMed and Scopus databases, the same search was performed April 2017 to identify any additional papers that had been published in the interim.
Appendix B. Risk of bias assessment tool
The risk of bias scoring tool (Table B1 ) was used to assess bias in the studies; a higher score indicates a lower risk of bias. The tool was developed from Pearson et al. (2015) , which was itself previously developed from Shah and Balkhair (2011) . The responder criteria relates to response rate and whether this was adequately described in the article. Appendix D. Explanations of the bias assessment scores Table D1 presents the explanations of the bias assessment scores agreed for each study, using the risk of bias scoring tool (Appendix B). . Also extracts from swine urine, swine blood, serum albumin, swine epithelium, dust from swine buildings, feed for swine for Dig-ELISA tests. Antigenic analysis on swine antigens and on dust collected from buildings.
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(continued on next page) P. Douglas et al. International Journal of Hygiene and Environmental Health 221 (2018) 134-173 Cross-sectional Subject data were obtained from a previous study -a populationbased prospective cohort study. Children had been selected by stratified random sampling.
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Response rate of the original cohort/loss to follow up by the second round actually used in the study was not reported. 
